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Cooling and rewarming
Anaesthesia was induced with intravenous thiamylal and maintained by closed circuit ether. As soon as routine ECG, EEG, direct intra-arterial catheter, oesophageal and rectal temperature monitoring devices were installed, slow intravenous administration of triflupromazine (3 lng/kg) was followed by immersion in ice water.
Deep ether anaesthesia is an important coadjutant for safe induction of hypothermia. The administration of ether requires careful attention to the various monitoring parameters and is given gradually as the body temperature decreases. In general, we have recommended administration of 1.5 ml/kg of ether, which will provide a blood level of 120 mg ether/dl by the time 30 ~ C oesophageal temperature is reached, and 2.5 to 3.0 ml ether/kg that will give a blood level of 180 mg ether/dl of blood at temperatures below 25 ~ C. Oesophageal and recta/temperatures follow a parallel course, the oesophageal being 1 ~ to 2 ~ C lower than the rectal temperature during the cooling phase. When the temperature gradient between these two sites reaches 4 ~ C or more, it is indicative of inadequate peripheral perfusion.l s F~CURE 1 The active immersion cooling was discontinued at 1 ~ or 2 ~ C above the planned temperature. The oesophageal temperature continued to drop one or 2 ~ C before it reached a plateau. The rectal temperature continued to fall until rewarming was started ( Figure 1) .
The mean oesophageal temperature was 20.8 ~ C (---1. 5 ~ C), and the mean rectal temperature 18.9 ~ C (-+-2,1 ~ C). In 40 cases, the oesophageal temperature fell below 20 ~ C and most were patients with complex cardiac defects. Shortly before the end of the intracardiac procedure the patient was reimmersed in water warmed to 43 ~ C to 45 ~ C to facilitate cardiac resuscitation. Rewarming was discontinued when the oesophageal temperature recovered to 35 ~ C,
Haemodynamic changes
The blood pressure measured through the radial artery catheter fell as the body temperature decreased and the systolic pressure at 20.8 ~ C oesophageal temperature, just prior to induction of circulatory arrest, was about 40 per cent of the precooling figures. As the body temperature rose the blood pressure recovered and at 35 ~ C, when rewarming was discontinued, it had returned to 86.5 per cent of precooling pressures. The mean cardiac rate of 156/rain before cooling represents tachycardia probably related to the premedication. The rate fell as body temperature decreased, the pre-occlusion rate being only 33.6 per cent of the precooling rate. At the termination of rewarming (35 ~ C) the heart rate was 101.5 per cent of the initial value ( Figure 2) .
The most remarkable change in the ECG was the prolongation of P-R, QRS and R-R intervals caused by bradycardia. As the body temperature decreased, the QT interval 19 or electric systole increased up to 164 per cent of the precooling level just prior to induction of circulatory arrest. As rewarming progressed it shortened to 0.425 sec. or control values ( Figure 3 ).
Arrhythmias were rarely noticed during induction of hypothermia. They were observed only in two cases of ventricular septal defect and pulmonary hypertension (No. 600 and No. 674), occurring transiently at 26 ~ C and 23 ~ C respectively. Sinus rhythm was usually present until arrest was induced. During rewarming, just after the re-establishment of the cardiac beat and before the contraction had recovered sufficiently, various types of arrhythmias were observed, but past this period, sinus rhythm was again usual.
Respiratory management and acid-base balance
Ether, given by closed system was the anaesthetic agent of choice. Spontaneous ventilation was maintained until respiratory depression became severe enough to require controlled ventilation (28-30 ~ C). Since the same minute volume as that of normothermia was maintained, hypocarbia occurred as the temperature decreased.
During hypothermia some degree of anaerobic metabolism was observed with accumulation of fixed acids, mainly lactic acid, probably secondary to decreased liver function as has been reported in the past e1-~4 (Figure 4 ).
Circulatory arrest
After the desired temperature was attained, circulatory arrest was obtained by inflow occlusion and cardioplegia induced by Young's solution '-'~ constituted of 0.3 per cent potassium citrate, 2.46 per cent magnesium sulfate and 0.001 per cent neostigmine, which was injected into the coronary arteries transaortically. The intracardiac procedure was performed in a completely flaccid heart. The mean circulatory arrest time was 40'20" and in 16 cases it extended to more than 60 minutes. These 16 cases were infants with complex cardiac malformations and their lowest temperatures, excepting four cases, reached figures below 20 ~ C. The longest circu]atory arrest was in an infant with transposition of the great arteries (No. 807), who underwent Mustard's operation during an arrest time of 77'20" (Table II) . Cardiac resuscitation was accomplished by transaortic coronary artery reperfusion with 10 ml of a "cocktail" consisting of 9. per cent CaCle 10 m], 20 per cent glucose 10 ml and 0.1 per cent noradrenaline 1 ml or by manual cardiac massage. The mean time required to resuscitate the heart was 4'47". There was no special correlation between resuscitative time and circulator), arrest time, or between resuscitative time and the lowest oesophageal temperature.
In 16 infants, resuscitation required more than 10 minutes. This difficulty may have been secondary to depression of cardiac function caused by operative manipulation immediately before induction of circulatory arrest, air embolization to the coronary arteries, A-V block, imperfect surgical repair, and excessive use of cardioplegic solution (Table III ) .
Morbidity and mortality
Ventrieular fibrillation is the most serious reported complication of hypothermia. However, none of the patients in our study group developed it. Cardiac standstill was observed in seven infants. In five, it occurred concomitant to surgical manipulation of the heart for exploration and in preparation to induce circulatory arrest; a short period of cardiac massage sufficed to re-establish the heart beat. The remaining two infants (No. 600, ventricular septal defect with pulmonary hypertension and No. 1022, aortic pulmonary septal defect) developed severe bradycardia followed by cardiac standstill at 25 ~ C and 27.5 ~ C respectively while still 
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Persist, Trun. Art. immersed in ice water. The operations were performed in the usual manner; once the hearts were exposed, they were resuscitated easily about two minutes' massage. The surgical repairs were completed during induced circulatory arrests of 36'45" at 23.6 ~ C oesophagea] temperature and 44'00" at 20.5 ~ C. Post-operative courses were uneventful and left no sequelae. Other reported complications of hypothermia, such as haemorrhagic tendency 25-26 and "rewarming shock", ~7-2s were not observed in our patients.
Thirty-seven infants had prolonged post-operative apnoea or hypoventilation and required artificial respiration. Of these, 14 were extubated within 19. hours, the (Table IV) . Post-operative central nervous system dysfunction, transient or permanent, was observed in five patients. The infant with ventricular septal defect (No. 800) had mental disturbance for four days but recovered without any sequelae. The infant with endocardial cushion defect (No. 876) regained normal level of consciousness on the fourth day but succumbed on the sixth post-operative day secondary to fluid and electrolyte difficulties. The remaining three infants died without recovering consciousness ( Table V ) .
Seventeen infants (17/121 = 14 per cent) died post-operatively. The cause of death was difficult to determine clearly, but the single most important cause was respiratory failure. Some of the deaths could have been prevented, such as in Case No. 757, an infant with endocardial cushion defect, on whom the tracheal tube slipped out of the trachea inadvertently. In Case No. 755 (ventricular septal defect with pulmonary hypertension), power failure of the respirator occurred, and in Case No. 863 (transposition of great arteries) cardiac arrest took place while changing tracheal tubes. The infant with transposition of the great arteries (No. 876) was weaned off the respirator too soon. Two infants with tetralogy of Fallot (No. 837 and No. 849) had sudden cardiac arrest oll the sixth and seventh post-operative day respectively and could not be resuscitated; autopsy revealed findings compatible with coronary artery embolization. The infant with total anomalous pulmonary venous drainage ( No. 775) was operated upon in emergency, with active pneumonia prior to operation and succumbed one week post-operatively from progression of the pulmonary infection. Case Noi' 876, an infant with endocardial cushion defect, died from water and electrolyte imbalance secondary to profuse polyuria of obscure origin (Table VI ) . DISCUSSION Simple deep hypothermia lacks the stressful effects of non-physiological extracorporeal circulation and has a number of advantages for infant open heart surgery, such as reduced need of blood and a completely still and bloodless operative field unobscured by perfusion catheters and tubes that may constitute great obstacles in the exposure of intracardiac defects, especially in small hearts.
On the other hand, a number of shortcomings may be mentioned. These include the reported danger of ventricular fibrillation, 1-4 time limitations of circulatory arrest, 1~ anxiety about cardiac resuscitation, 29-31 haemorrhagic tendency, z~-2~ and "rewarming shock"Y 7-2s
To eliminate these disadvantages, especially ventricular fibrillation, many studies have been reported by various authors. Ota 5 reported the usefulness of the powerful peripheral vasodilating effects of phenoxibenzamine at the dose of 1 mg/kg. Barratt-Boyes and others ~,~5 combined surface cooling to 25 ~ to 26 ~ C and core cooling to 20 ~ C by a short supplementary bypass prior to induction of circulatory arrest, with bypass rewarming. Mori ~ reported the applicability of halothane anaesthesia for the induction of hypothermia with this combined method. Steward TM observed ventricular fibrillation in six of the 16 patients cooled below 26 ~ C by surface cooling a/one. One of these six patients was anaesthetized with halothane; the other five were under nitrous-oxide-narcotic curare anaesthesia. Steward stressed the necessity of using assisted circulation at temperatures below 30 ~ C. Mohri a2 compared ether and halothane anaesthesia in animal studies and pointed out the strong tendency toward hypotension during rewarming, and a significant incidence of post-operative gait disturbance when hypothermia was induced under halothane anaesthesia.
We have reported that deep ether anaesthesia is the ideal agent for induction of hypothermia by surface cooling, especially when combined with ganglion blocking agents in large quantities to eliminate some of the undesirable effects of ether, thus improving and maintaining good peripherial perfusion. Temperatures below 9.0 ~ C can be safely and predictably obtained by this method. 8-r'. In our 121 patients, arrhythmia related to hypothermia was seen in only two patients. Frank cardiac standstill occurred in only two cases, since in five others it was precipitated by surgical manipulation of the heart. Ventrieular fibrillation, the most dangerous complication, could be prevented completely by this method. Advantages of ether anaesthesia for induction of hypothermia has been reported by many others such as Mohri, 32 Okamura, a3 and Okada? 4
Regarding restriction of circulatory arrest time and the consequent anxiety about resuscitation, our results in cases requiring more than 60 minutes of circulatory arrest were not good, but exceeding of the accepted safe limits could not be ascribed as the only cause of death. The majority of these cases had complex anomalies and were in poor clinical condition and, in spite of this, all hearts could be resuscitated after completion of the surgical repair. We would predict safe arrest times of 90 to 120 minutes if temperature could be lowered adequately. Our clinical and experimental studies indicate safe circulatory arrest times of eight minutes at 30 ~ C body temperature, 30 minutes at 25 ~ C, 60 minutes at 20 ~ C, and 120 minutes at 15 ~ C.
We believe that almost all operable congenital diseases of the heart can be corrected within this time frame. Many studies directed to facilitating resuscitation of the heart have been done and reported: coronary perfusion, 29 supplementary extracorporeal circulation/ ~,15,s~ cardiac pacing, 31 and cardiac massage, s-l~ We have adopted the cardiac massage or manual coronary perfusion. Some of the eases requiring long periods of circulatory arrest also required longer times to resuscitate the heart, but preoperative myocardial damage and severe depression of cardiac function immediately before arrest might have played an important role besides the arrest time. It stresses the need to maintain optimal haemodynamic conditions prior to induction of circulatory arrest.
The so-called haemorrhagic tendency 25.26 and rewarming shock -~ have been reported as complications during hypothermia. In addition to the known changes of coagulation function with hypothermia and the use of anticoagulant agents during surgery, the normally occurring hypotension under hypothermic conditions may mask true bleeding points; thus the possibility of post-operative bleeding is undeniable. However, careful surgical haemostasis combined with the trans and post-operative use of haemostatic agents, mainly antiplasmine drugs, have allowed us to prevent re-operation or death from haemorrhage.
Though ether has the possibility of explosion as a hazard if the electrie cautery is used for surgical haemostasis, a complete closed circuit method prevents this hazard. In over 1,000 cases we have not experienced an explosion.
The "rewarming shock" is probably caused by the "wash-out acidosis" in conjunction with the inadequate recovery of cardiac function to meet the increased body oxygen demand that accompanies the rise of temperature, and usually occurs above 28 ~ C. With our technique, the recovery of cardiac function parallels the increasing metabolic needs of rewarming. '5 This complication was never observed.
Metabolic acidosis and hypokalaemia are two constant changes observed during hypothermia, and have been described as causes of arrhythmias and ventricular fibrillation. To minimize this complication, manoeuvres directed to alter metabolic changes such as hypercapnoea, 2~,' 04 hypocapnoea, 1:~,'2 administration of acid :~ or alkaline '7 agents, and injection of KC15 have been reported, but our studies 's delineating the significant band of these changes at various body temperatures do not seem to implicate these" metabolic alterations as the main cause of ventricular arrhythmias. The implications of metabolic acidosis under hypothermia do not seem to be as significant as in normothermie conditions3 ~8 Hypokalaemia is a physiological change with decreasing temperatures and its degree is well within safe limits, as we have reported in the past. "a' Based on these principles, correction of the metabolic acidosis is restricted only to patients with severe hypotension, marked bradycardia, or difficult cardiac resuscitation. Sodium bicarbonate is the preferred agent and the degree of correction aimed at B.E. of -10 mEq/1 only when oesophageal temperature is around 20 ~ C. Hypokaiaemia is not actively corrected during the hypothermic state.
To obtain the best operative results, especially in small infants, particular care of the respiratory management is mandatory. The anatomic peculiarity of the respiratory system in infants, the weakness of respiratory muscles, and the relatively large sized intra-abdominal organs makes respiratory failure a constant threat. Downes 4~ reported that 55 per cent of infants undergoing "closed cardiac surgery" required post-operative artificial respiration, and 49 per cent of them died. Barrat-Boyes C reported the use of artificial respiration in seven infants out of 37 cases following open heart surgery. Twenty per cent (23/121 = 19.0 per cent) of our patients required artificial respiration post-operatively for more than 12 hours, and five died (5/23 = 21.7 per cent). Our current indications for artificial ventilation include not only the obviously hypoxaemie patient secondary to respiratory or circulatory failure, but also the patient that required a circulatory arrest time of over 50 minutes. Although some authors 41 recommend tracheostomy even in small infants we believe that nasal intubation is adequate to provide even longterm respiratory management. In fact we used tracheostomy only in one infant, early in our experience.
SUM~ARY
Results of open cardiac surgery under deep simple hypothermia in 121 infants with body weight of less than 10 kg are reported. Deep ether anaesthesia combined with large quantities of ganglion blocking agents (triflupromazine 3 mg/kg) constitutes the anaesthetic management of choice for deep surface-induced hypothermia. The mean lowest oesophageal temperature was 20.8 ~ C, and 18.9 ~ C rectally. The mean circulatory arrest time was 40 minutes. Seventeen infants ( 14.0 per cent) died post-operatively. There were no operative deaths attributable to failure of cardiac resuscitation.
This technique widens the scope of open heart surgery in small infants. Most of the surgically correctable malformations should be operable by this method.
More than the potential hazards of hypothermia, which we believe are solved by" our technique, the major problem posed by surgery in these small infants is the trans and post-operative respiratory management.
Rff, SUM~:
Les auteurs rapportent leur exp6rience de 121 enfants de moins de 10 kilos (poids moyen: 7.8 kilos), op6r6s ~ cceur ouvert, sous hypothermie profonde, au cours des huit derni~res ann6es. Quatre-vingt-un de ces enfants 6taient de moins d'un an ( age moyen: 12.3 mois ).
Ces enfants ont 6t6 op6r6s sous C.E.C., en hypothermie profonde permettant des arr~ts circulatoires de 14 ~ 77 minutes (moyenne: 40 minutes 20 secondes).
L'hypothermie 6tait produite par immersion en bain d'eau glac6e sous anes- Les auteurs concluent que l'hypothermie profonde est une m6thode simple pour la chirurgie ouverte des tout jeunes enfants.
